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ABSTRACT h Heat transfer coeflicient,
The natural convection heat transfer h = QCONV/A-AT )
between arrays of hotizontal, heated cylinders and & Thermal conductivity
their isothermal, cooled en-losure was experimen- L Hypothctical gap widtb, R, - R,
tally investigated. Four different cylinder arrays Nuy Nussclt number, hX/k, where X is any
were used: two in-line and two staggered. Four charactsristic length
fluids (nir, water, 20 cs silicone, and 96% glycer- Pr Praadtl number, c,u/k
inc) were used with Prandtl numbers ranging from Qconv Heat transfer by corvection
0.705 to 13090.0. There was no significant ch: nge Ray Rayleigh number, Ap?g(T, - T,)X*c,/uk,
in the Nucselt number between isothermal and where X is any characteristic length
constant heat fiux conditions of the cylinder Ray Modified Rayleigh number,
arrays. The averago heat trausfer coeflicicnt was Ray = Ray "/R)
most aflected by the spaczing between cylinders R, Rn;iiun of a hypothetica! sphere equal in
aod the total surfaco area of the cylinder arrays. volume to the volume of one cylinder
The caclosute reduced the cxpected increnne in timen the number of cylinders in the
both the average and the local heat transfer cylinder array
coeflicients caused by changing the inner body R Radius of a h thetical aph .
) A 1 ypothetical sphere equalin
from an in-line arrangewent to a staggesed
velume to the outer body
arrangemeat of commparable apncing. An {ncrcosc Characteristic length
in flaid viscomity reduced the influence of the S~ (R ) R. NA/A ')
geomotsic cffccto. . N . ST
T, Inner body temperature
MOMENCLATURE T, Quter body temperature
. ) ar Temperature difference, AT -+ T, T,
A, Surface area of the macr body X Auy characteristic length
A, Surlace nrea of the outer body A Thermul expansion coefMlcient
D Length of boundary layer on onn " Dynamic Yisconity
cylinder, U = a(d/2) n Ratic of «itcle circumference to ity
[ Specific keat at constant preanure diameter {3.14159)
d Diameter of 6 cylinder P Dennity of the fluid

'] Acceleration of gravity, 9.81 m/asc?



INTRODUCTION

Naturzel conveciion heat transfer from a
body to an infinite fluid medium bas received
extensive experimental and analytical study in the
past, while relatively little attention has been
devoied to naiural convection within an eaclo-
sure. The increase in complexity. caused Ly the
stiong interaction between tae bcundary layer
and the adjacent fluid, bas made it difficult to
obtain a solution to the problem of natural con-
vection in an enclosure. However, interest in this
area is dramatically incrcasing because of the
important applications it has in areas such as
nuclear reactor techanology, electronic instrumen-
tatior packaging, aircraft cabin design, crude oil
storage tank dcsiga, solar collector design, and
energy storage systems.

One of the first in-depth experimental stu-
dies of natuvai coavection in enclosures waa per-
formed by Warrington [1]. The heat transfer from
inner bodies such as spheres, cubes, and cylinders
to Lotk spherical and cubical enclosures was
investigated.

Larson, Gartling, and Schimmel [2] used
laser interferometry to experiraentally determine
the temperaturc fleld around a iicated, horizountal
cylioder in an isothermal, rectanguiar cnclosure.

Dutton and Welty {3] conducved an experi-
mcntal study of pnatural convection [ext traasfer
in an mrray of uniformly hecated vertical cylindera
surrounded by a vertical, cylindrical enciosure
with metcury as the fluid medium. Their results
indicated that the natural convection hecat
tranasfer was strondly dependent on the cylinder
fpacing.

Van De Sande and Hamer [1] stadied the
stendy and transient natural convection heat
transfer between horizantal, concentric cylinders
with conastant heat flux surface conditions. TLeir
experiment showed that n sidewise displacement
of the inner cylinder did not aflect the heat
teansfur results.  llowever, the overall heat
transfer decreancd or increased depending on
whether the inner cylinder was above or helow the
centerline of the suter cylinder.

Crupper [b] performed an  cxperimental
study of natural convection hen’ tranafer between
a act of four Isothermal, heated cylinders nnd an
fnothermal, coolcd, cubical enclosure to determino
the effect of the positioning of the cylindern within
the enclonure.

Powe [6] investigated the limiis of relative
gap width for which available correlatior equa-
tions for uatural convection heat transier in enclo-
sures were applicable. Heat transfer rates for
large reiative gap widtha were shown to be limited
by those obtained for free convection to an
infloite fluid medium, and this criteria was used to
calculate a maximum relative gap width for wiich
the enclorure equations were applcable. A
minimum realtive gap width for applicabiiity of
the enclosure c(quatioms was determined by the
pure conduction limit.

Brown {7] experimentally studicd the effccts
of reduced pressure on the natural convection
from a cylinder and a cube to a cubical enclosure.

Powe, Warrington, and Scanlan [8] per-
formed a detailed study of natural convection flow
phenomena that occur betwzen a body of rela-
tively arbitrary shape and its spherical enclosure.
Resulting trends in the flvid flow data were esta-
blished io facilitate better predictions of the heat
transfer in problems of aatural comvection i
enclosures. :
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Figure 1. Schematic of the heat transfer
apparatis
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Figure 2. The four cylinder arrangements

The purpose of this study is to experimen-
tally investigate the diasipatiop of heat by nntural
convection from orrays of hcated, horizontal
cylinders to a cooled, sothermal, cubiral enclo-
sure. The cylinders are subjected o both isother-
mal and constant heat flux conditions. Four
fluids and four cylinder conflgurationa are utilized.
The fluids used are air, water, 96% glycerine, and
20 cs silicone. The four cylinder conflgurations
connist of two in-line nrrangements using nine and
sixteen ¢ylinders and two stoggered arrangemecuats
using cight nnd fourteen cylinders.

APPARATUS AND PROCEDURE

The encloaure used for this inveatiyation wan
n cube 20.67 cm along an inner alde, constructed
from 1.27-cen-thick, type 6001, aluminum. A

g

water jacket enclosure, which measured 38.1 ¢m
or n side, surrounded the cubical test apace. The
water jacket consisted of si  ~<cparale rectangular
channels cach 3.175 cm in widili, which gave one
channel for each fi e of the test space. The flow
of cooling water Lo each of the channcls was fed
by a manmifold aystem ard adjested o maintain
the cube tha. encloaed the test apace at inother-
mal conditions. The cooling water was collected
from the water jacket and pumped threu;h
chiiles into o storag~ tank nnd then back into the
water jacket. A schematic of the apparatun is
shown in Figure 1.

a

The four dificrent arrangements of horizon-
tal hented cylindera rthat were uncd for inner
geomcetrics are nshown in Flgure 2. The cylindeis
were constructed (rom 0 30-cm-thick canper pipe



1046 cm long, and 4.22 cm outside diameter.
Copper end caps 0.25 cm thick and 4.22 cm in
diameter were mounted to both enda of each
cylinder. The support structure for each array of
cylinders consisted of wooden dowels 0.32 cm in
diameter.

Heat was supplied to th. inside surface of
each cyiinder with electrical resistance heat tape
and o direct current power source. Input voltages
to the heat tapes were controlled individually witk
variable power resistors that were connccted in
geries with the heat tapes. The inside surface
temperatures of the caclosing cube apd the out-
side surface temperatures of the cylinders were
wonitored with embedded copper-constantan
thermocouples.

Sixteen fluid/geometry combinations wete
used to obtain 172 data po.nts, consisting of both
isothermal snd constant heat flux conditions for
the inner geometiries. After centering one of the
inner geometrics in Lthe enclosure and filing the
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enclosure with one of the fluids, power was
applied to the cylinders and cooling water was
pumped through the water jacket. When equili-
brium was established (upproximately 2-4 hours)
and the power was iaput 1o each cylinder, then
the cylinder temperatures snd the enclosure tem-
peratures were recorded.

The heat trapsferred by natural convection
was obtained by subtracting the heat transferred
by radiation and conduction from the total
amount of heat transfcrred. The conduction loss
through the support structure, through the the.,-
mocouple lead wires, and through the heat tape
lcad wircs was obtained with a one-dimensional
analysis. Because the water, 20 cs silicone, and
96% glycerine were opaque to radiation, only the
data using air as the fBuid nceded a correction fo-
radiation. The radiation loss was cxperimentally
obtained by evacuating the lest space betwcen
the cylinders and the enclosure to a pressure
below 50 pwm and subtracting the conduction
losses from the total power input.

closed symbols - co.stant heat flux
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Figure 3. Comparison of the heat teanafes for isothermal and constant heat fux
inner body conditionn using data from the cight-cylinder nrrangement
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RESULTS

The Rayleigh number, Nuaselt aumber,
Prandtl number, and a ratio of characteristic
lengths were used in scveral combinztions to
correlate the experimental data. When calculat-
ing the Rayleigh and Nusselt numbers for use in
the correlation equations, it was found that three
diflerent characteristic lengths consistently yielded
the best results. The gap width, L, was deflned to
be the distance between hypothetical c¢r centric
spheres of volumes equal to the actual vc mes of
the eaclosure and the cylinder arrays. R was
defined to be the radius of a sphere that was
equal in volume o that of the cylinder array. B
was the approximate distance traveled by the
boundary layer on one horizontal cylinder (assum-
ing no flow separation). This distance was dcfined
to be one-balf of the ouier circumference of a
cylinder.

A compacison of iscthermal to constant heat
flux condit' ns for one cylinder arrangement is
zsheown in F.- ‘e 3. For any one of the four iluids,
the average iJusselt number of the constant heat
flux data coincided very closely to the isotkermal
data, as was the case for the thrce remaining
cylinder arrangements. The averaoge Nusselt

pumber was derived using the fotal amount of °

heat transferred by natural convection from the
cylinder array to the enclosure.

Although tbere was no cignificant difference
in the average heat transfer coefficient [or the
entiro cylinder array, the local heat transfer
cocfiicient for the cylinder rows showed a notice-
able diflerence wken changing from isothermal to
constant hezt conditions. When constant heat
flux conditions were imposed, the upoer rows of
cylinders were forced to increasingly higher tem-

peratures than that of the botlom row of
cylinders. DBceause the enclonure caused an
inctcase in convectlive aclivity in the upper

regions of the test space, the bigher temperature
of the upper rows rugmented the driving potea-
tial for the heat tranafer, rcsulting in a higber
local heat transfer coefEcicut for the upper rows.

The best correlaticn (or all 2f the mothermal
date. was

Nu;, =~ 0.220 Ra$27 (1/R,)™%° 001 (1)
which had nn nverage percent deviatio. of 10.48.

The percont deviation n¢ A point. wns defined an
the quantity of the aboolnte dificrence betwoen

the data value and tae equation value, divided by
the data value. The average percent deviation is
the sum of the individuszl deviations divided by
the numnber of data points. The best correlation
for all of the constant heat flux data was

Nug = 0.221 Ra3™® (L/R,)*®¢ prooe (2)

which had an average percent deviation of 11.03.

There were two major geometric cects «vi-
dent ip the experimental data. First, a stagg-red
cylinder arrangement bad o higher average heat
transfer coefficient thaa an ia-line arrangemeat of
comparable size aud spacing. Second, and more
pronounced, was the increase in the average hcat
transfer coefficicnt wben the spacing between
cylinders increased and the total surfacc arca of
the cylinder array decrecsed. When the results of
this study were combined with those of Crupper
[5], it became apparcnt that an increase in the
cylinder spacing led to a relative iucrease in the
local heat transferr coecfficients of the wupper
cylinder rows.

The geometric eflect of changing the
cylinder spacing and total surface area became
less pronounced with an increase in the ’randtl
number of tke fluid medium. However, tLhe
Prandtl number of the fluid did not wfluence the
eflect of changing from an in-line ariay to a stag-
gered array of comparable size and spacing. The
beot correlations for the air, water, 20 ¢s silicone,
and 96% glycerine wure:

Nuy, = 0.0097 Ral™ (L/R,)%%% pr-ita11 | (3)

Nug = 1.045 Ra§'"* (L/R,)*712 py00008s (1)

Nug = 6.075 a2'* (L/R )13 Py-080 (5)
and

Nug = 0.025 [a2N* (LIR,)03% pro0s (6

with average perecut deviations of 11.26, 5.51,
3.08, and 4.94, resocctively.

All of the experimental data from this inves-
tigation are shown graphically in Figure 4, along
with the data of Ciupper [6] for four horizontal
in-line cylinders. As shown i Figure 4, there is
very littie difference between the correlations for
tne in-line and the staggered arrangementa. The
best correlntion for the combined data of the in-
lin~ arrapgeinentls wng
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Figure 4. Heat transfer correlations for the in-line data, the staggered data,
and all of the data combined
Nug == 0.174 Ra2>? (L/R )04 pyoor7 (7) 4449 £ 10* < Re, < 1.170 z 168, (14)

with in average percent deviation of 10.30. The
best correlation for the combined data of the viag-
gered arrangements was

Nug == 0.247 Ra3*'* (L/ir,)°-%00 proo% (8)

with an average percent deviation of 10.70. The
beot correlations for all of the experimental data,
bnsed on one, two, or three correlating parameters
were:

Nug = 0.2140 Ra 0™ ()

Nug = 0.216 Ra2™! (L/R %8 (10)
and

Nug — 0,010 Q308 (717 0338 prooise. 1)
where

0020 < (1/R)) < 1.041, (12)

Q05 <Y <2 L5080 1 1nY (r3)

4633 £ 10* < Rag < 8.153 z 107, (15)
and they had average percent deviations of 12.00,
11.86, and 10.74, respectively.

CONCLUSIONS

This investigntion has added to the amount
ol available da‘a for heat transler between multi-
ple bodies and an enclosure. Dccause there was
no appreciable difference in the average heal
transfer cocflicient for isothermal and coastant
heat flux inner body conditions, the applicability
of the correlation resultn was greatly increased.
However, the local heat teansfer coeflicicnts of the
upner rowa of cylinders, when comparcd to the
bottom row of cylinders, were much higher for
constant hecat flux inner body conditionas than
they were for isothermal inner body coaditions.
Tke constart deat flux condition forced the upper
rowd (o » higher temperature and augmented the
drizing votentinl for beat tranafer, which resulted
in litgher local hent transfer cocllleicnts for the



upper rows.

Tho distance between cylinders and the
amount of inner body surface area were the dom-
inate ‘actors influencing the average hesat transfer
coeficient. Au increase in the Prandt] aumber of
the fluid medium dampened the effects of apacing
and surface area whereas the enclosure dampened
the eflecta changing from an in-line Lo a staggerad
arrangement.
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